Abstract-This article presents the Wave Concept Iterative Procedure (WCIP), an efficient method for characterization of substrate integrated Non-Radiative Dielectric (SINRD) passive circuits based on wave concept formulation and its iterative solution. WCIP simulations are compared to measurements and Finite Element Method simulations. A good agreement is achieved with computation time saving.
INTRODUCTION
The development of millimeter and submillimeter devices has revolutionized the telecommunication systems, but their development is contained in terms of effort and time. Microwave structures require ease of integration, low loss and high performance.
The dielectric waveguides have received little attention in the past because of two fundamental problems: radiation losses due to discontinuities and difficulty to transcribe these circuits in planar technology. The NonRadiative Dielectric waveguide (NRD), is first proposed by Yoneyama and Nishida [1] in 1981. It consists in a strip of dielectric substrate inserted between two metallic planes. The new manufacturing Substrate Integrated Circuits (SICs), have been proposed for the realization of NRD waveguide. This new technique, called SINRD, allows the integration of NRD waveguide on substrates [2, 3] . The advantage of SINRD waveguide is its ability to be integrated on the same dielectric substrate as the SIW technology [4] . The SINRD waveguide uses a network of holes, which reduces the dielectric constant of the substrate in the regions of interest. These circuits may be analyzed by full-wave analysis software based on Finite-Difference Time-Domain (FDTD) [5] , Method of Moments (MoM) [6] or Finite element method (FEM) [7] and recently with semi-analytical method based on Greens function [8] . All these methods need large memory storage as well as calculation time.
In this paper, the WCIP method is extended to study substrate integrated structures. The advantage of this method remains in its ease of use due to the absence of test functions; its fast computation time, mainly due to the systematic use of Fast Mode Transform (FMT), and a gridded mesh use. This method proved its efficiency through several studies of Substrate Integrated Waveguide (SIW) [9] [10] [11] . To validate the proposed approach, several examples of SINRD structure are considered. Scattering coefficients obtained with the WCIP are successfully compared to published results, measurements and simulations obtained from other methods.
In the first part of this paper, the WCIP theory is described. In the second part, examples of SINRD structure are considered SINRD waveguides and bandpass filters. Simulated results are compared to measurements and simulations obtained from other numerical techniques so as to validate the proposed method.
THEORY
This method has been modified to study SIW [12] and proved to be efficient [11] . The circuit is described on a gridded mesh of regular cells. Vias are assumed in each cell but they can be differentiated by boundary conditions (empty, source, metallic, load or dielectric). The method assumes that holes are therefore drilled regularly along the two axes. An example is presented in Fig. 1 .
Since the substrate is very thin, the electric scattered field in such structure is considered linearly polarized along z axis. In the present formulation, volumic waves, A z and B z , are deduced from fields E z and J z in each cell through (1) .
Z 0 is an arbitrary impedance; E z is the electric field along z axis; J z is the volumic current along z axis; i, j denote the cell position in the SIC grid. Fields are defined at the position of the via in each cell, through a projection on a H normalized function indicating the via position in the cell [12] .
The Scattering Operator in Spatial Domain
On each via, A z is generated by B z depending on boundary conditions on the via. All SIC structures can be constructed from five elementary cells that present different boundary conditions:
• for metallic cell:
• for empty cell: S(i, j) = 1;
• for absorbing load cell:
Zos+Zo , (Z os : being the source internal impedance).
• for cell with dielectric permittivity change:
where ε r stands for the relative permittivity of the substrate and ε g the relative permittivity of the dielectric via. These coefficients are resumed into (2):
whereŜ takes into account the boundary conditions in the spatial domain. A 0 is a source term to specify which via hole is excited initially.
The Scattering Operator in Modal Domain
The substrate height h is considered small enough to have only a surface TM mode within z ∈ [0, h], and the fields are assumed to be only oriented along the via. The relation between the waves in the spectral domain is given by:
The modal scattering operator is defined by:
The modal scattering coefficient is:
where, the modal impedance is defined according to [11] :
with μ 0 the permeability of the substrate, ω the angular frequency, f pq,mn the modal basis function on the elementary cell of size (d x × d y ) bounded by periodic walls as detailed in (7), and F p,q the modal basis function on the circuit of size (D x × D y ) detailed on (8) . 
Iterative Process
The connection between the spatial domain and spectral domain is carried out via the Fast Modal Transform (FMT) and its inverse (FMT −1 ) (9).
The iterative process defined in (10) is constructed via a multiple reflection procedure, which contains three main parts: source excitations, the spatial-domain and the spectral domain scattering.
The system (10) [13, 14] is solved with GMRES [15] . Scattering parameters are then deduced.
where Id is the identity matrix.
APPLICATION
In these applications, the number of vias is important, and therefore the hypothesis of homogeneity seems reasonable. As a consequence, we first derive the effective relative permittivity ε eff with the WCIP method, to use it in HFSS simulations that use a finite element method, since the simulation with many holes is impractical due to the need of large memory storage. Then, simulations using HFSS, simulations obtained with WCIP and measurements are compared in some examples (SINRD waveguide and filter). The substrate used in all further examples has the same properties: a relative permittivity ε r of 2.55; holes (ε g = 1) are drilled with diameter a of 1.25 mm and are distant from p (distance between center to center adjacent vias) of 2 mm.
SINRD Waveguide

Characterization of the Effective Dielectric Permittivity
At first, we try to evaluate the homogeneous effective relative permittivity ε eff of the drilled substrate. This is achieved through two waveguide simulations (TE 10 and TEM fundamental modes). Since homogeneity condition is assumed, the effective dielectric constant may be deduced from the cutoff frequency evaluation of the propagation constant.
3.1.1.1 TE 10 Waveguide
The cutoff frequency of the TE 10 mode [16] is directly related to ε eff (12) . By changing the waveguide width D x , the cut-off frequency is changed and ε eff is therefore deduced at each frequency.
To obtain this cutoff frequency for a given waveguide width, the phase separation of S 21 for different distances D y between the two ports is simulated as presented in Fig. 2 with a frequency step of 0.5 GHz. Then the propagation constant is deduced and the cutoff frequency also as shown in Fig. 3 . Here, the effective permittivity ε eff is 2.0177 at 4.8 GHz for a width of 22 mm.
TEM Waveguide
To determine ε eff , the waveguide shown in Fig. 4 is addressed. By the same procedure, the effective constant is obtained in this waveguide. For example, the propagation constant β deduced from WCIP and HFSS are compared (D y = 68 mm) in Fig. 5 . The maximum relative difference between the two Propagation constant β versus frequency. In Fig. 6 , the two methods used for ε eff evaluation are compared; they are both in good agreement. With TEM mode evaluation the ε eff (f ) is obtained with one simulation and is not dependant on the waveguide size step, therefore this method is more convenient and will be preferred for future study.
Characterization of SINRD Waveguide
Here, the properties of the SINRD waveguide shown in Fig. 7(a) are determined. The width of the dielectric strip is being changed while the total width of the waveguide is kept constant D x = 40 mm. Thus, the cut-off frequency of the SINRD waveguide f c is changing as well. The equivalent waveguide, shown in Fig. 7(b) , is simulated by HFSS with the ε eff determined in the previous paragraph.
We note ( Table 1 ) that the cutoff frequency obtained by the complete calculation (WCIP) corresponds to the simplified calculation using the condition of homogenization (ε eff of Fig. 6 with TEM fundamental mode tests) regardless of /D x . The relative difference between the values obtained by WCIP and HFSS is 0.45%.
The wavelength of the waveguide λ g is an important parameter in the design of circuits. In order to numerically determine it, the phase of the transmission coefficient ∠S 21 is evaluated. Since D y = 68 mm, the distance between the two sources is known. The wavelength λ g is deduced for different operating frequencies above the cut-off frequency of the waveguide using (14) and (15):
The wavelength of the waveguide deduced from (15) is evaluated by HFSS and the WCIP. In Fig. 8 , there is a good agreement between the results obtained by the WCIP and those from HFSS, when the condition of homogeneity is verified (the full calculation with holes can not be done using HFSS). The relative difference does not exceed 1.2%. The simulation time with the WCIP, for /D x = 0.25, is of 0.34 s against 1.36 s for the FEM software for one frequency point simulation. The greater the ratio /D x , the lower the ratio of the holes in the waveguide, hence the more we move away from the condition of homogenization and the more is the difference between the wavelength obtained with WCIP and that obtained with HFSS.
SINRD Filter
Bandpass filters allow you to select frequency bands while rejecting unwanted signals and are used in all virtual communications systems. Several studies have been made on the design of SINRD filters [2, 3] . WCIP is tested on bandpass SINRD filters. The results for two different orders of development of filter are compared with measurements and simulations obtained with HFSS. The substrate is the one defined in the previous paragraph.
Fabrication
To achieve these prototypes of SINRD filter, copper surfaces of the substrate are removed. Every hole has to be drilled in the substrate. Ground planes were made with brass plates reported on each side of the drilled substrate. To achieve the metallic vias, the substrate was first drilled, then drilling the two brass plates and then connecting together with the metallic vias of diameter 1.25 mm.
For coaxial connectors, two holes of the same diameter were drilled in the dielectric plate and the lower brass, to connect the central conductor of the SMA connector. In the top brass plate, there is a hole of 4.2 mm diameter to not short-circuit the connector; 4.2 mm diameter corresponds to the inner diameter of the Teflon in the SMA connector. One achieved drilled substrate is shown in Fig. 9. 
Design of SINRD Filter of 2nd Order
The drilled substrate has been replaced by a homogeneous substrate of relative effective dielectric permittivity ε eff obtained in 3.1.1 for memory cost reasons in HFSS simulation, as mentioned in the previous section. In this analysis, ε eff is frequency dependant.
The bandpass filter specifications are: a center frequency of 3.8 GHz, a relative bandwidth of 17%, a ripple of 0.05 and an order 2. The resulting filter presents two resonators and one inverter and is represented in Fig. 10(a) . Its equivalent filter for HFSS simulation is presented in Fig. 10(b) . Dimensions of the SINRD filter are detailed in (Table 2) .
The reflection coefficient S 11 and the transmission coefficient S 21 are plotted in Fig. 11 . Simulations of the filter with HFSS and WCIP and measurements are in good agreement. The simulation time with the WCIP is of 4.3 s against 6.22 s for the FEM software for one frequency point simulation (CPU: Intel Core 2 Due E6550 @ 2.33 GHz, RAM: 4 Go). It should be noted that even though the WCIP takes the holes in consideration during the simulation, it is still faster than the simplified calculation using the HFSS.
Design of SINRD Filter of 3rd Order
The substrate is the same as in the previous part. The bandpass filter specifications are: a center frequency of 3.13 GHz, relative bandwidth of 23%, a ripple of 0.012 and an order 3. The resulting filter presents three resonators and two inverters and is represented in Fig. 12(a) . Its equivalent filter for HFSS simulation is presented in Fig. 12(b) . Dimensions of the SINRD filter are detailed in (Table 3) .
S-parameters response of this filter is shown in Fig. 13 . The simulations with HFSS and WCIP and measurements are in good agreement. The simulation time with the WCIP is of 7.3 s against 12 s for the FEM software for one frequency point simulation. It should be noted that even though the WCIP takes the holes in consideration during the simulation, it is still faster than the simplified calculation using the HFSS.
CONCLUSION
In this paper, the WCIP method has been developed to be applied to structures developed in SINRD technology. The spatial operator has been modified to take into account the change of dielectric introduced in the substrate (generally holes). Several examples of SINRD structures have been trained as waveguides and bandpass filters. In the presented cases, the results obtained with the WCIP are validated by comparison with measurements and/or simulations (HFSS). The computation time is very low with the same accuracy as HFSS, where an equivalent homogeneous substrate is used.
